The cornea is the anterior covering of the eye that serves to protect the underlying tissues from damage. Along with physical protection from injury, the cornea also defends against infection. Toll-like receptors (TLRs) are pattern-recognition receptors which stimulate an innate immune response upon contact with pathogen-associated molecular patterns.^[@i1552-5783-57-6-2689-b01]^ The inflammation resulting from TLR activation leads to recruitment of immune cells, enhanced cytokine, and chemokine production, and initiation of an adaptive immune response to rid the cornea of infection. These inflammatory events triggered by TLRs are dependent on intracellular signaling pathways which lead to the activation of nuclear factor κB (NF-κB), activator protein-1 (AP-1), signal transducer and activator of transcription (STAT), and interferon regulatory factor (IRF) transcription factors.^[@i1552-5783-57-6-2689-b02],[@i1552-5783-57-6-2689-b03]^ In particular, NF-κB is recognized as the key regulator of inflammatory signaling, enhancing proinflammatory cytokine levels and also influencing cell survival.^[@i1552-5783-57-6-2689-b02],[@i1552-5783-57-6-2689-b04],[@i1552-5783-57-6-2689-b05]^ In addition to acting in a paracrine fashion to influence surrounding cells, proinflammatory cytokines produced by TLR signaling also act in an autocrine feedback loop to further enhance cytokine production and the cellular stress response.^[@i1552-5783-57-6-2689-b06]^ Mediators such as interleukin 1 β (IL-1β) and tumor necrosis factor (TNF), for example, are produced by TLR activation and in turn lead to increased NF-κB activation and activation of the mitogen-activated protein kinases (MAPK) pathway.

Inflammatory signals must be regulated and kept in check in order to prevent tissue damage. This is especially true in the cornea, where damage can result in loss of transparency, essential for vision. Toll-like receptors are present at the ocular surface, protecting against infection, but have also been implicated in the pathogenesis of dry eye disease (DED), an inflammatory condition that affects millions of individuals in the United States.^[@i1552-5783-57-6-2689-b07],[@i1552-5783-57-6-2689-b08]^ Patients with DED experience ocular pain, discomfort, burning, and dryness that can result in visual disturbances and disruption of daily activities.^[@i1552-5783-57-6-2689-b09],[@i1552-5783-57-6-2689-b10]^ Therefore, an important area of research is the development of new anti-inflammatory therapeutics that limit aberrant ocular surface inflammation. Vitamin D (1,25-dihydroxyvitamin D~3~) has been widely studied for its role in suppressing inflammation in other tissues, and therefore is a good candidate to evaluate at the ocular surface.^[@i1552-5783-57-6-2689-b11][@i1552-5783-57-6-2689-b12][@i1552-5783-57-6-2689-b13][@i1552-5783-57-6-2689-b14][@i1552-5783-57-6-2689-b15]--[@i1552-5783-57-6-2689-b16]^ The multifunctional hormone has been implicated in general ocular health and has been shown to be protective during various ocular diseases and pathologies, such as macular degeneration, uveitis, and myopia.^[@i1552-5783-57-6-2689-b17]^ However, its transcriptional regulation still needs to be evaluated throughout the eye.

Vitamin D acts through its receptor, the VDR, a member of the nuclear hormone receptor family which acts as a potent transcriptional regulator.^[@i1552-5783-57-6-2689-b18]^ The vitamin D receptor is expressed in the human cornea and the enzymes that activate vitamin D are also present in human corneal epithelial cells (HCECs), suggesting that vitamin D has a functional role in the cornea.^[@i1552-5783-57-6-2689-b19][@i1552-5783-57-6-2689-b20][@i1552-5783-57-6-2689-b21]--[@i1552-5783-57-6-2689-b22]^ Vitamin D is able to regulate the innate immune response to infection and inflammation through interactions with TLR signaling^[@i1552-5783-57-6-2689-b23][@i1552-5783-57-6-2689-b24][@i1552-5783-57-6-2689-b25][@i1552-5783-57-6-2689-b26]--[@i1552-5783-57-6-2689-b27]^ and enhances host protection through antimicrobial peptide production.^[@i1552-5783-57-6-2689-b28][@i1552-5783-57-6-2689-b29][@i1552-5783-57-6-2689-b30]--[@i1552-5783-57-6-2689-b31]^ Our previous studies have shown that HCEC respond to vitamin D treatment through decreased production of TLR-induced cytokines and matrix metalloproteinases.^[@i1552-5783-57-6-2689-b19]^ Therefore, vitamin D has the potential to be an important regulator of inflammation at the ocular surface.

The goal of the current study was to examine the influence of vitamin D on TLR signaling further and to elucidate its effect on global gene expression in HCEC, adding to the current knowledge of vitamin D function in the cornea. Here, we analyze the timing of the vitamin D--mediated response to TLR activation and use microarray analysis to identify pathways that are involved in this response. This study will yield important information when considering vitamin D as a potential therapeutic for ocular surface inflammation or corneal infection.

Materials and Methods {#s2}
=====================

Cell Culture and Treatment {#s2a}
--------------------------

Immortalized and primary cultures of HCECs were used in these studies. We used KGM-2 (Lonza, Allendale, NJ, USA) and SHEM media to culture telomerase-immortalized human corneal epithelial cells (hTCEpi) and SV40-immortalized (SV40) HCECs, respectively.^[@i1552-5783-57-6-2689-b32],[@i1552-5783-57-6-2689-b33]^ Human donor corneas were received from Saving Sight eye bank (St. Louis, MO, USA) and primary HCEC isolated following overnight corneal digestion with protease (dispase II; Roche Diagnostics, Indianapolis, IN, USA).^[@i1552-5783-57-6-2689-b34]^ The optimal range of circulating serum vitamin D (25D~3~) is between 30 and 80 ng/mL (75--200 nM).^[@i1552-5783-57-6-2689-b35],[@i1552-5783-57-6-2689-b36]^ Therefore, cells were treated with a physiologically relevant concentration of vitamin D for these studies, 10^−7^ M (100 nM, 1,25D~3~; Sigma-Aldrich Corp., St. Louis, MO, USA). In addition, cells were treated with 1 μg/mL TLR3 agonist polyinosinic-polycytidylic acid (poly\[I:C\]; Invivogen, San Diego, CA, USA) for the indicated times. Polyinosinic-polycytidylic acid is a double-stranded RNA analog, which activates TLR3, as would occur during a viral infection, resulting in NF-κB activation. For the nuclear factor of κ light polypeptide gene enhancer in B-cells inhibitor, α (IκBα) study, hTCEpi were pretreated with 10 μM Bay 11-7082 (Invitrogen, Carlsbad, CA, USA) for 30 minutes before poly(I:C) addition for 6 hours.

RNA Isolation and Quantitative Real-Time PCR {#s2b}
--------------------------------------------

We extracted total RNA from cultured cells using TRIzol reagent (Life Technologies, Grand Island, NY, USA) and a purification and isolation kit (RNeasy kits with DNase I treatment; Qiagen, Valencia, CA, USA). Concentration of RNA was measured with a spectrophotometer (Nanodrop 2000; Thermo Fisher Scientific, Wilmington, DE, USA) and cDNA was transcribed with a cDNA synthesis kit (AffinityScript; Agilent Technologies, Santa Clara, CA, USA). Quantitative PCR was performed using a master mix (Brilliant II SYBR Green QPCR; Agilent Technologies) and intron-spanning primers ([Table 1](#i1552-5783-57-6-2689-t01){ref-type="table"}). Untreated samples served as the calibrator for relative quantity determination and all samples were normalized to the housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

###### 

Primer Sequences Used for qPCR

![](i1552-5783-57-6-2689-t01)

Sample Preparation and Microarray Analyses {#s2c}
------------------------------------------

We treated hTCEpi and SV40 cell lines with 1,25D~3~ (10^−7^ M) or vehicle (0.01% ethanol/PBS) for 6 hours and RNA was collected as above. Biological replicates and dye-swapped samples were used in a genome-wide microarray analysis performed using microarrays (Human Op-Arrays; Microarrays, Inc., Huntsville, AL, USA). Each array contained 35,035 oligonucleotide probes corresponding to 25,100 unique genes and the analysis was performed as previously described.^[@i1552-5783-57-6-2689-b37][@i1552-5783-57-6-2689-b38]--[@i1552-5783-57-6-2689-b39]^ In brief, following RNA isolation, sample quality was assessed with a bioanalyzer (Agilent 2100; Agilent Technologies, Palo Alto, CA, USA). All samples of RNA had integrity values of 10, indicating negligible degradation. Indirect labeling of cDNA was performed using aminoallyl-modified nucleotides (aa-dUTP+dNTP, Sigma-Aldrich Corp.), 15 μg of total RNA, and random hexamer primers (Invitrogen, Life Technologies). After purification (MinElute columns; Qiagen), fluorophores Cy3 and Cy5 (Amersham, GE Healthcare, Pittsburgh, PA, USA) were coupled to cDNA, repurified, and concentrations verified. Dye-swapped samples were pooled and applied to prehybridized microarray slides with coverslips and allowed to hybridize for 38h at 42°C. After washing, dried slides were read on a microarray scanner (GenePix 4000B; Molecular Devices, Sunnyvale, CA, USA) at 10 μm resolution. Tagged image file format images were analyzed with commercial software (GenePix Pro 6.0; Molecular Devices). After flagging incomplete or missing spots, gene pix files were analyzed in R software, version 2.9.1, using the Limma package, to identify differentially expressed genes with vitamin D treatment. Median intensities for Cy3 and Cy5 in each spot were converted to *M* values (log~2~ \[1,25D~3~/control\]), and cutoff values established at the absolute value of *M* \> 0.4, corresponding to fold change values of greater than 1.3. An additional cutoff was made based on *P* values \< 0.05, which were calculated in the R statistical environment using the empirical Bayes moderate *t*-test.^[@i1552-5783-57-6-2689-b40]^ Microarray data was deposited in National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) data repository under accession numbers GSE72662 and GSE72663.

Gene Ontology Classification {#s2d}
----------------------------

Functional groups and gene annotation clusters in differentially expressed genes were identified using the online Database for Annotation, Visualization, and Integrated Discovery (DAVID; available in the public domain at <http://david.abcc.ncifcrf.gov>)^[@i1552-5783-57-6-2689-b41],[@i1552-5783-57-6-2689-b42]^ and Protein Analysis Through Evolutionary Relationships (<http://www.pantherdb.org>),^[@i1552-5783-57-6-2689-b43]^ as well as Pathway Studio (Elsevier, Inc., Amsterdam, The Netherlands). Values of *P* \< 0.05 were considered significant and were determined using Fisher\'s exact test. Values measure the probability that the number of differentially regulated genes that fall within a particular gene ontology or functional group is due to chance, based on the distribution of genes in the whole genome.

Protein Detection in Cell Lysates and Supernatants {#s2e}
--------------------------------------------------

Interleukin 8 was measured in cell supernatants by ELISA, following stimulation with 1,25D~3~ and poly(I:C) for the indicated times, per the manufacturer\'s instructions (human IL-8 ELISA MAX; BioLegend, San Diego, CA, USA). For total IκBα and phospho-p38α (T180/Y182) protein determination, cell lysates were collected in lysis buffer \#6 (1 mM EDTA, 0.5% Triton X-100, 5 mM NaF, 6 M urea, 1 mM sodium orthovanadate, 2.5 mM sodium pyrophosphate, 10 μg/mL leupeptin, 10 μg/mL, pepstatin, 100 μM PMSF, 3 μg/mL aprotinin in PBS) and assayed with ELISA kits (DuoSet; R&D Systems, Minneapolis, MN, USA). Total protein concentrations from supernatants and lysates were quantified by BCA protein assay (Life Technologies) and all data were normalized to total cellular protein concentration.

Results {#s3}
=======

Vitamin D Affects Poly(I:C)-Induced IL-8 Expression in a Time-Dependent Manner {#s3a}
------------------------------------------------------------------------------

Previous studies have indicated that vitamin D plays a role in dampening proinflammatory cytokine production in HCEC.^[@i1552-5783-57-6-2689-b19]^ In these studies, treatment with vitamin D for 24 hours significantly decreased the expression of IL-8, IL-1β, IL-6, TNFα, and CCL20 induced by TLR3 agonist poly(I:C), a potent activator of inflammatory signaling. However, early activation of NF-κB (after 2 hours of treatment) was not affected by vitamin D. Therefore, here we further explored the effect of 1,25D~3~ on poly(I:C)-mediated cytokine production, focusing on early time points, to evaluate the initial effect of vitamin D. Costimulation with poly(I:C) and 1,25D~3~ for 2 to 6 hours showed a significant increase in IL-8 production above the expression induced by poly(I:C) alone ([Fig. 1](#i1552-5783-57-6-2689-f01){ref-type="fig"}). This increase was significant at the mRNA level after 2 hours, with a jump from a 64-fold increase in IL-8 expression with poly(I:C) to a 155-fold increase when 1,25D~3~ was added ([Fig. 1](#i1552-5783-57-6-2689-f01){ref-type="fig"}A; *P* \< 0.01). Concentrations of IL-8 in cell supernatants were also increased at 4 and 6 hours of combined treatment, yielding an increase of approximately 50 pg/mL above poly(I:C) alone ([Fig. 1](#i1552-5783-57-6-2689-f01){ref-type="fig"}B; *P* \< 0.05). However, at the 6-hour time point, IL-8 mRNA expression with combined treatment was no different than with poly(I:C) alone, suggesting that at this time, vitamin D starts to lower IL-8 expression. When we pretreated hTCEpi with 1,25D~3~ 24 hours before poly(I:C) stimulation, there was a significant reduction in IL-8 expression (50% at 6 hours; *P* \< 0.05, [Fig. 1](#i1552-5783-57-6-2689-f01){ref-type="fig"}).

![Vitamin D affects poly(I:C)-induced IL-8 expression. Telomerase-immortalized HCEC were treated with 10^−7^ M 1,25D~3~ for 2, 4, or 6 hours, or pretreated with 1,25D~3~ for 24 hours prior to poly(I:C) addition (pre-1,25D~3~). We collected RNA from cell lysates for qPCR analysis of IL-8 expression (A) and protein expression was determined in supernatants by ELISA (B). Data represent mean ± SEM of four independent experiments. Statistical analysis was by ANOVA with Bonferroni\'s test for multiple comparisons. \*P \< 0.05. \*\*P = 0.01. \*\*\*P = 0.001. \*\*\*\*P = 0.0001.](i1552-5783-57-6-2689-f01){#i1552-5783-57-6-2689-f01}

We next examined the effect of vitamin D when administered after poly(I:C) treatment. When hTCEpi were stimulated with poly(I:C) for 4 hours and then treated with 1,25D~3~ for an additional 24 hours, there was an ∼80% decrease in IL-8 expression ([Fig. 2](#i1552-5783-57-6-2689-f02){ref-type="fig"}A). There was a similar reduction in IL-8 expression when cells were pretreated with poly(I:C) and then washed before 1,25D~3~ addition, indicating that vitamin D does not physically interfere with poly(I:C), disrupting its ability to initiate signaling events ([Fig. 2](#i1552-5783-57-6-2689-f02){ref-type="fig"}B; *P* \< 0.05). These results suggest that vitamin D treatment is able to attenuate IL-8 levels even when poly(I:C) is administered first. However, during the immediate response to poly(I:C), vitamin D cotreatment increases IL-8 expression ([Fig. 1](#i1552-5783-57-6-2689-f01){ref-type="fig"}).

![Vitamin D reduces IL-8 expression after poly(I:C) pretreatment. We stimulated hTCEpi with 1 μg/mL poly(I:C) for 4 hours and 10^−7^ M 1,25D~3~ was added without washing (A) or with washing to remove poly(I:C) (B), before culturing for an additional 24 hours. We collected RNA from cell lysates for qPCR analysis of IL-8 expression. Data represent the mean ± SEM of three independent experiments. Statistical analysis was by ANOVA with Bonferroni\'s test for multiple comparisons. \* P \< 0.05.](i1552-5783-57-6-2689-f02){#i1552-5783-57-6-2689-f02}

Vitamin D Regulates Multiple Genes in Corneal Epithelial Cells {#s3b}
--------------------------------------------------------------

In order to further examine the influence of vitamin D on corneal epithelial cell gene expression and its influence on inflammatory events, genome-wide microarray analysis was performed. First, a time course of vitamin D treatment was performed, examining the expression of several genes known to be regulated by 1,25D~3~,^[@i1552-5783-57-6-2689-b19]^ to determine an optimal time point for analysis. The hydroxylase CYP24A1, antimicrobial peptide LL-37, and lipopolysaccharide coreceptor CD14 all exhibited maximum transcript levels 6 hours after vitamin D treatment in hTCEpi ([Fig. 3](#i1552-5783-57-6-2689-f03){ref-type="fig"}). Therefore, for the gene array, cells were treated with 1,25D~3~ for 6 hours and gene expression was compared to vehicle-treated control cells. To determine the optimal concentration, primary HCEC were treated with physiologically relevant concentrations of vitamin D and LL-37 gene expression determined. Based on these data, 10^−7^ M (40 ng/mL) 1,25D~3~ was chosen for this study ([Supplementary Fig. S1](#i1552-5783-57-6-2689-s01){ref-type="supplementary-material"}). Two corneal epithelial cell lines, hTCEpi and SV40 HCEC, were used in the microarray comparison to determine vitamin D--induced gene regulation.

![Time course analysis of CYP24A1, LL-37, and CD14 expression after vitamin D treatment. We stimulated hTCEpi with 10^−7^M 1,25D~3~ or vehicle control (0.01% ethanol/PBS) for the indicated times and RNA was collected for qPCR analyses. Data represent the mean ± SEM of three to four independent experiments. Statistical analysis was by ANOVA with Bonferroni\'s test for multiple comparisons. \*P \< 0.05. \*\*P = 0.01. \*\*\*\*P = 0.0001.](i1552-5783-57-6-2689-f03){#i1552-5783-57-6-2689-f03}

We identified 308 genes in hTCEpi as differentially expressed at 6 hours of vitamin D treatment; while in SV40s, 69 genes were changed. Of these 69 genes, 24 genes (35%) where changed in both cell lines ([Fig. 4](#i1552-5783-57-6-2689-f04){ref-type="fig"}, [Table 2](#i1552-5783-57-6-2689-t02){ref-type="table"}). In both cell lines, the majority of regulated genes were upregulated (77% in hTCEpi and 70% in SV40). Only one gene was downregulated in both hTCEpi and SV40 cells: histone H4 ([Table 2](#i1552-5783-57-6-2689-t02){ref-type="table"}). The regulation with the lowest *P* value in both cell lines was upregulation of the CYP24A1 gene, the cytochrome p450 enzyme that inactivates 25D~3~ and 1,25D~3~ through 24-hydroxylation.

![Differential expression of genes between hTCEpi and SV40 cell lines. We found hTCEpi had a greater number of genes regulated by vitamin D treatment than SV40 (308 compared with 69, respectively), with 24 genes in common.](i1552-5783-57-6-2689-f04){#i1552-5783-57-6-2689-f04}

###### 

Genes That Are Regulated by Vitamin D Treatment in Both hTCEpi and SV40 Cell Lines

![](i1552-5783-57-6-2689-t02)

In order to classify the 24 genes that were commonly regulated by 1,25D~3~ in hTCEpi and SV40 cells, enriched biological functions were identified using DAVID software. The largest process influenced by vitamin D was intracellular signaling (*P* = 0.0002), which included genes involved in both protein kinase cascades and GTPase-mediated signal transduction. Interestingly, several genes were identified that play a role in negatively regulating signal transduction, including insulin-like growth factor binding protein 3 (IGFBP3), interleukin 1 receptor-like 1 (IL1RL1 or ST2), and NFKBIA (IκBα). Importantly, when classifying regulated genes by molecular function and cellular compartment, calcium-binding proteins and calcium channel activity were enriched, known areas of vitamin D influence. In addition, the biological function termed "response to vitamin D" was significantly enriched (*P* = 0.0002).

We found hTCEpi cells had a larger number of genes differentially expressed upon vitamin D treatment, indicative of being more responsive. Upon examination of VDR expression, hTCEpi had higher relative receptor expression, possibly explaining the increased responsiveness (data not shown). Thus, this cell line was specifically examined for enriched biological processes among the regulated genes ([Table 3](#i1552-5783-57-6-2689-t03){ref-type="table"}). Similar to the gene set in common with SV40s, the largest process influenced by vitamin D was intracellular signaling, which included 47 genes (*P* = 2.10  × 10^−8^). Vitamin D--regulated genes were also highly enriched among the processes cell proliferation, apoptosis, wounding, and transcription.

###### 

Biological Processes Enriched Among Vitamin D--Regulated Genes in hTCEpi

![](i1552-5783-57-6-2689-t03)

Microarray analyses are useful as a guide to identify changes in the transcriptome based on cell type or treatment. However, changes discovered from arrays must be validated with a complementary technology. Therefore, six genes identified as regulated in both cell lines were examined by real-time quantitative (q)PCR analyses ([Fig. 5](#i1552-5783-57-6-2689-f05){ref-type="fig"}). These results confirmed the array data. It is also clear that the amplitude of the response, while significant in both cell lines, was higher in hTCEpi cells, explaining the larger number of genes detected by microarray for this cell line. Further, expression of these genes was evaluated in primary HCEC, from two different donors. The pattern of vitamin D regulation was the same as in the cell lines ([Fig. 6](#i1552-5783-57-6-2689-f06){ref-type="fig"}), confirming the in vivo relevance of the experimental setup.

![Validation of target genes by qPCR analysis. We treated hTCEpi and SV40 cells with 10^−7^ M 1,25D~3~ for 6 hours and RNA was harvested for qPCR analyses. Data represent the mean ± SEM of three to four independent experiments. Statistical analysis was by Student\'s t-test. \*P \< 0.05. \*\*P = 0.01. \*\*\*P = 0.001. \*\*\*\*P = 0.0001.](i1552-5783-57-6-2689-f05){#i1552-5783-57-6-2689-f05}

![Confirmation of microarray results in primary HCEC. Primary HCECs were isolated from donor corneas and cultures were treated with 10^−7^ M 1,25D~3~ for 6 hours. We collected RNA from cell lysates for qPCR analyses. Graphs reflect data from one of two corneal donors and data are mean ± SEM of triplicate values (24A1, cytochrome P450 hydroxylase CYP24A1).](i1552-5783-57-6-2689-f06){#i1552-5783-57-6-2689-f06}

Vitamin D Attenuates Poly(I:C) Inflammatory Signaling Through Upregulation of NF-κB Inhibitor IκBα {#s3c}
--------------------------------------------------------------------------------------------------

In order to identify how vitamin D could be influencing TLR inflammatory pathways, enriched pathways were examined for genes involved in both TLR signaling and MAPK signaling ([Table 4](#i1552-5783-57-6-2689-t04){ref-type="table"}). Engagement of TLR results in an inflammatory cascade that activates members of the MAPK and NF-κB pathways, leading to the production of proinflammatory cytokines and proteins involved in the cellular stress response as well as cell survival.

###### 

Genes Regulated by Vitamin D Involved in MAPK Signaling and TLR Signaling Pathways

![](i1552-5783-57-6-2689-t04)

Vitamin D treatment significantly upregulated NFKBIA (IκBα) in both hTCEpi and SV40, as well as in primary HCEC ([Table 3](#i1552-5783-57-6-2689-t03){ref-type="table"}, [Figs. 5](#i1552-5783-57-6-2689-f05){ref-type="fig"}, [6](#i1552-5783-57-6-2689-f06){ref-type="fig"}). Nuclear factor of κ light polypeptide gene enhancer in B-cells inhibitor, α is a negative regulator of NF-κB signaling.^[@i1552-5783-57-6-2689-b05]^ It sequesters NF-κB in the cytoplasm, preventing nuclear translocation and transcriptional effects. In addition to increased IκBα transcript levels, protein expression of IκBα was also increased by 28% following 24 hours of vitamin D treatment ([Fig. 7](#i1552-5783-57-6-2689-f07){ref-type="fig"}). Thus, vitamin D treatment increases IκBα, potentially inhibiting NF-κB signaling.

![Protein IκBα increases with vitamin D treatment. We treated hTCEpi with 10^−7^ M 1,25D~3~ for 24 hours and total IκBα protein expression was measured in cell lysates by ELISA. Data represent the mean ± SEM of 5 independent experiments. Statistical analysis was by Student\'s t-test. \*P \< 0.05.](i1552-5783-57-6-2689-f07){#i1552-5783-57-6-2689-f07}

Upon TLR activation, signaling events lead to IκBα phosphorylation, which releases NF-κB and results in IκBα degradation.^[@i1552-5783-57-6-2689-b02],[@i1552-5783-57-6-2689-b04]^ Therefore, we decided to investigate if IκBα was important in poly(I:C)-induced IL-8 expression. When phosphorylation of IκBα was inhibited by an irreversible inhibitor of IκBα phosphorylation---Bay 11-7082---there was a significant 41% decrease in IL-8 production upon poly(I:C) stimulation ([Fig. 8](#i1552-5783-57-6-2689-f08){ref-type="fig"}A). This demonstrates that the NF-κB pathway is activated through IκBα phosphorylation and this is important for poly(I:C)-mediated cytokine production. Further, 24-hour vitamin D pretreatment significantly increased the expression of total IκBα protein in hTCEpi treated with poly(I:C) ([Fig. 8](#i1552-5783-57-6-2689-f08){ref-type="fig"}B), suggesting that vitamin D could potentially attenuate poly(I:C) inflammatory signaling via upregulation of the NF-κB inhibitor IκBα.

![Inactivation of IκBα is important in poly(I:C)-induced IL-8 expression and total IκBα is upregulated by vitamin D during poly(I:C) stimulation. (A) We pretreated hTCEpi with Bay 11-7082 for 30 minutes followed by poly(I:C) treatment for 6 hours. Data represent the mean ± SEM of 3 independent experiments. (B) We pretreated hTCEpi with 10^−7^ M 1,25D~3~ for 24 hours and stimulated with poly(I:C) for the indicated times. Total protein expression of IκBα was measured in cell lysates by ELISA. The data represent the mean ± SEM of four to six independent experiments. Statistical analysis was by ANOVA with Bonferroni\'s test for multiple comparisons. \*P \< 0.05. \*\*P = 0.01.](i1552-5783-57-6-2689-f08){#i1552-5783-57-6-2689-f08}

Discussion {#s4}
==========

Our prior studies have indicated that vitamin D is able to attenuate TLR-induced inflammatory signals in corneal epithelial cells.^[@i1552-5783-57-6-2689-b19]^ In the current study, we explored how vitamin D treatment affects genome-wide gene regulation and TLR3-induced IL-8 expression in these cells, further examining the influence of vitamin D on corneal inflammation. Our findings demonstrate that while direct vitamin D treatment at early time points (6 hours) enhances poly(I:C)-induced IL-8 levels, 24-hour vitamin D pretreatment significantly attenuates this pathway. Microarray findings show that vitamin D regulates multiple genes in HCEC, including genes involved in MAPK and NF-κB pathways, important signaling pathways in TLR-induced inflammation.

The time-course data indicate that the ability of vitamin D to suppress cytokine production is a delayed effect. In the case of inflammation, this could be beneficial: Cytokine production and inflammatory events such as neutrophil infiltration following TLR ligation aid in the resolution of infection or injury. During pathogenic challenge, the inflammatory process is necessary for the ultimate elimination of microbial threat. However, too much inflammation is harmful and a dampening of the response is necessary to restore tissue homeostasis following the insult, preventing chronic inflammation and tissue damage. Therefore, the initial effect of vitamin D to increase IL-8 expression could help to jumpstart inflammatory events and then its delayed action may suppress ongoing, potentially harmful cytokine production. Vitamin D was also able to decrease IL-8 levels when the cells were pretreated with poly(I:C), further indicating that it is able to suppress inflammatory signals after their initiation. This is an important finding considering a potential therapeutic use of vitamin D for treatment of ongoing inflammatory conditions.

Nuclear factor κB is a transcription factor that regulates the expression of inflammatory genes. It is activated upon TLR ligation as well as by cytokine signaling. Following TLR activation, signaling events result in phosphorylation of IκBα, which results in its targeting for degradation, hence allowing NF-κB to translocate to the nucleus and activate transcription.^[@i1552-5783-57-6-2689-b04]^ Our microarray analysis identified IκBα to be upregulated by vitamin D treatment in both hTCEpi and SV40 cell lines, which was confirmed in primary HCEC as well. During poly(I:C) stimulation, pretreatment with vitamin D also raised IκBα levels, thereby increasing the cell\'s capacity for inhibiting NF-κB activation during an inflammatory stimulus. Other studies have demonstrated that increasing IκBα transcription and translation decreases NF-κB translocation to the nucleus.^[@i1552-5783-57-6-2689-b44]^ In human peritoneal macrophages, vitamin D suppressed NF-κB activation through increasing IκBα expression, resulting in reduced TLR-induced TNFα production.^[@i1552-5783-57-6-2689-b45]^ In addition, basal levels of IκBα were lower in cells from mice lacking VDR, increasing the amount of NF-κB in the nucleus of resting cells.^[@i1552-5783-57-6-2689-b46]^ Therefore, we suggest that the vitamin D--mediated attenuation of poly(I:C)-induced IL-8 expression in corneal cells is due at least in part from its upregulation of IκBα expression.

Another candidate pathway for the influence of vitamin D on cytokine production is the MAPK family of signaling kinases. Multiple dual specificity protein phosphatase (DUSP) genes were upregulated by vitamin D treatment, as highlighted by the microarray data and confirmed by qPCR (DUSP1, 4, and 5; [Table 4](#i1552-5783-57-6-2689-t04){ref-type="table"}, [Supplementary Fig. S2A](#i1552-5783-57-6-2689-s01){ref-type="supplementary-material"}). Dual specificity protein phosphatases negatively regulate signal transduction through dephosphorylating threonine and tyrosine residues on members of the MAPK pathway, rendering them inactive.^[@i1552-5783-57-6-2689-b47]^ Dual specificity protein phosphatases preferentially regulate p38 and JNK (c-jun NH2-terminal kinases), the stress-activated MAPKs, leading to downregulation of cytokines and proinflammatory genes.^[@i1552-5783-57-6-2689-b48]^ The anti-inflammatory effects of glucocorticoids have been associated with DUSP expression^[@i1552-5783-57-6-2689-b49]^ and mice deficient in DUSP have increased levels of cytokines.^[@i1552-5783-57-6-2689-b50]^ In particular, we found that DUSP10 expression was increased in hTCEpi, SV40, and primary HCEC ([Supplementary Fig. S2A](#i1552-5783-57-6-2689-s01){ref-type="supplementary-material"}). Dual specificity protein phosphatase 10, also called MKP5, dampens inflammatory signals through its actions on p38, which has been shown to induce cytokine production.^[@i1552-5783-57-6-2689-b50][@i1552-5783-57-6-2689-b51][@i1552-5783-57-6-2689-b52]--[@i1552-5783-57-6-2689-b53]^ However, in our study, despite increasing DUSP expression, vitamin D did not decrease p38 phosphorylation. Instead, there was an increase in p-p38 with vitamin D ([Supplementary Fig. S2B](#i1552-5783-57-6-2689-s01){ref-type="supplementary-material"}). Investigating this apparent paradox further, we found evidence that p38 can have dual functions, having both pro- and anti-inflammatory roles depending on the cell type and stimulus involved. Activation of p38 has in fact been shown to increase DUSP expression, limiting the cycle of inflammation.^[@i1552-5783-57-6-2689-b54]^ The influence of vitamin D on these pathways needs to be further dissected in order to determine if increased DUSP expression modulates inflammation through p38.

The potential for vitamin D to modulate inflammatory signaling pathways has important clinical relevance in the cornea, not only during infectious keratitis, as previously mentioned, but also for chronic ocular surface inflammation, such as occurs in DED. Dry eye disease is a multifactorial condition that is a significant public health concern, affecting millions of individuals each year in the Unites States alone, causing ocular irritation, burning, pain, and dryness.^[@i1552-5783-57-6-2689-b07],[@i1552-5783-57-6-2689-b09],[@i1552-5783-57-6-2689-b10]^ Inflammation is involved in the pathogenesis of DED and there have been many studies showing that there is an increase in tear, corneal, and conjunctival proinflammatory cytokines, chemokines, and matrix metalloproteinases during disease.^[@i1552-5783-57-6-2689-b55][@i1552-5783-57-6-2689-b56][@i1552-5783-57-6-2689-b57]--[@i1552-5783-57-6-2689-b58]^ Therefore, anti-inflammatory therapeutics have shown promise in the treatment of DED.^[@i1552-5783-57-6-2689-b59][@i1552-5783-57-6-2689-b60]--[@i1552-5783-57-6-2689-b61]^ Specifically, MAPK signaling pathways have been shown to be activated during experimental dry eye, with an increase in JNK, ERK, and p38 phosphorylation in the cornea and conjunctiva during desiccating stress.^[@i1552-5783-57-6-2689-b59],[@i1552-5783-57-6-2689-b62]^ The ability of vitamin D to modulate these inflammatory signaling pathways make it a good therapeutic candidate to evaluate in the treatment of DED and other ocular inflammatory disorders.

In examining the microarray results, we found that the response to vitamin D between the two HCEC cell lines was very different. Baseline levels of gene expression in hTCEpi and SV40 have not been compared and warrant further investigation, based on this differential response. Transcriptome analysis should be performed to compare hTCEpi and SV40 cells with primary HCEC, to determine which cell line most closely resembles nonimmortalized corneal epithelial cells. Our data suggest that gene expression changes in hTCEpi more closely resemble the response of primary cells to vitamin D, based on relative fold changes. However, a separate microarray analysis would be interesting to directly compare similarities and differences among primary cultured HCEC and cell line gene expression. These results would be important to consider when choosing a cell line for in vitro studies.

In summary, we show that vitamin D has a strong influence on gene expression in HCECs. This regulation modulates inflammatory cytokine production, in a time-dependent manner. We propose that the vitamin D--mediated upregulation of IκBα contributes to the dampening of later inflammatory responses. In addition, other genes identified in the microarray could be important in the role of vitamin D in regulating inflammatory signaling, such as *IL1RL*, *GADD45*, *TRAF4*, *TGFB2*, and *MAP2K6*, and will be interesting to investigate further.
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